R6sum6. -On analyse les donnCes publiCes concernant la structure, le travail de sortie et les paramktres d'adsorption-dCsorption de mCtaux sur la surface (110) du tungstkne, dans le but de dkterminer les rkgles gCnCrales qui conditionnent ces quantitks, en se basant sur des considCrations ClCmentaires d'ClectronCgativitC et de rugositC atomique.
1. Introduction. -Adsorbate-substrate and adsorbate-adsorbate interactions determine the structure, the energetics, kinetics and the surface potential of adsorption layers. In spite of a considerable effort, a reliable quantum mechanical description of metal-metal adsorbate-substrate systems as a function of coverage still is not available. Therefore semi-classical calculations e.g. based on pairwise interaction potentials, or simple models, e.g. the Smoluchowski or the Topping model, have to be relied on. Predictions based on these calculations and models are risky. Therefore experimental evidence has to be used to formulate the rules which govern the adsorption of metals on metal surfaces and the relations between structure, energetics and surface potential. Such data are accumulating at a considerable rate, in particular for adsorption on W surfaces, especially on the (1 10) and on the { 100) surface. Adsorption on the { 100) surface is rather complex due to its inherent temperature-dependent atomic roughness [I-31 and its instability upon heating in the presence of adsorption layers [2, 4, 51. Therefore this paper will be concerned only with adsorption on the W (1 10) surface which is the most stable crystal surface.
In section 2 the available experimental data and some models are reviewed. From these data rules are derived in section 3 which govern structure, surface potential and energetics as a function of coverage and the interrelation between these quantities. Section 4 gives a brief summary.
2. Experimental data. -Only those results will be discussed here for which structural data and work function change (A4) measurements are available. This excludes all systems which have been studied by field emission, or thermionic emission only. Table I lists the adsorbates studied to date together with their electronegativities X, atomic diameters d and sublimation energies E , as well as some quantities derived from them : atomic density in 1 hexagonal close packing NhcP, E, = 12 (E., + E,,)
and (X, -XJ2 from which two quantities the heat of adsorption/atom according to Pauling 1 E, = 12 (E,, + E,J + (X, -X Y may be obtained.
This quantity is of only qualitative value because it is based on the assumption of bonding with only one substrate atom. However, it shows clearly the influence of the electronegativity difference on the heat of adsorption. The adsorbates are divided in two major groups (I and 11) corresponding to systems with large (AX > 1.5) and small (AX < 1.5) electronegativity differences between adsorbate and substrate respectively. For many of the adsorbates only A+ and LEED data have been published and the coverages of many of the LEED patterns are uncertain. Reliable heat of adsorption data are still scarce. The kind of information available at present will be illustrated with some extreme cases from the point of view of electronegativity (Cs, Ba, Pd, Au) and of atomic size (Be, Cu, Ba, Cs). The structure is conveniently described in terms of the unconventional rectangular unit mesh shown in figure 1 instead of the usual unit mesh. densities N < 2 x lOI4 ~m -~. The interatomic distance decreased continously with coverage from 11 h; to 4.7 A, the only discontinuous feature being a sudden rotation of the hexagon by 90" at the work function minimum. The work function decreased smoothly from -5.3 eV to minimum of 1.60 eV at N"' " = 3.3 x 1014 cm-2 and saturated at 2.1 eV at Nsat = 5.2 x lOI4 cmP2 (coverage 0 = 1). structure to the completion of the next. The transition from one structure to the next occurs either by continous compression -as in the case of Cs -or via a mixture of the two structures, each of which is retaining its interatomic distances. Also, similarily to Cs, below the work function minimum at N""' = 2.35 x IOI4 cm-2 (+,, = 1.7 eV) one of the unit mesh axes is parallel to [OOl] , above +,,parallel to [110] . Thus, in spite of differences in detail, the general features of Cs and Ba adsorption are very similar. Pd and Au which differ from Cs and Ba not only in their electronegativity but also in their much higher heat of sublimation behave quite differently. Pd forms at room temperature a pseudomorphic layer which grows to a thickness of several monolayers upon further condensation [23] shows a p(9 x 1) LEED pattern (Fig. 3 a ) up to N , .-11 x loz4 ~m -~, a c (2 x 9) pattern (Fig. 3b ) Then it is seen that the surface dipole is not much larger than that of the bulk adsorbate. Therefore, little charge transfer to the substrate has to be involked at and beyond the work function minimum. Rather, the Cs electrons are increasingly concentrated in the adsorption layer. This is supported by energy loss experiments which show that above 4 ; ; Ba plasmons are excited [28] . The probability of plasmon excitation increases proportional to the coverage up to 1 monolayer. In the case of Cs, plasmon creation commences already at the coverage at which neutrals begin to be observed in thermal desorption, i.e. at N = 0.7 x 1014 ~r n -~, well below the coverage Nmin = 3.3 x 10'" cm-'. These changes of the electron distribution with coverage cause corresponding changes of the heat of adsorption/atom E, with coverage. Figure 5 illustrates this for Ba with data derived from references [8, 9, 10 and 281. The rapid decrease of E, above Nmin clearly is due to the metallization of the layer indicated by the increasing plasmop loss probability (A,). In the case of Cs on W(110) a much less pronounced shoulder in E, = E,(N) has been reported for N considerably below Nmin [6] . This correlates well with the earlier onset of metallization indicated by the appearance of the plasmon peak in the energy loss spectrum. Thus the variation of the heat of adsorption with atomic .density can be understood on the basis of ,the .decrease of the other. An exception is Pd, for which also X a > X , but for which + decreases up to one monolayer. The initial decrease which gives a dipole moment/atom of p = 0.2 D can be rationalized using Gadzuk's p formula or the S.E. but the positive p at one monolayer is unexpected even on the basis of the most recent quantum mechanical calculations 1361. 
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layer with N = 9.4 x 1014 cm-2 -which has a (3 x 1) structure -the two calculations give two different atom distributions in the super,structure unit mesh [38, 391 (Fig. 7) . The calculated adsorption energies, e.g. There is also experimental evidence for significant stability of islands. Analysis of the thermal desorption spectra of Cu on W(110) [22, 41] shows a break in the In T us l / T curves at approximately T , = 1 200 K with Tc slightly increasing with N (Fig. 7) . The evalution of the data above T, give desorption energies Ed increasing linearly from . This assumption however neglects the change of ,the configuration of the desorbing atoms and its potential well with increasing N. (In the case of alkali and alkaline earth adsorbates the assumption v = 1 x 10" s-' independent of coverage is also frequently made in evaluating a single adsorption isobar to arrive at Ed. However measurements made for several incident fluxes indicate that this assumption is apparently justified for these adsorbates within the limits of error. It is not understood at present why this is so).
2.6. OTHER ADSORBATE MODELS. -There are other theoretical models discussing the structure of the adsorbate as a function of coverage or the structure of the complete monolayer. One [42] of them is limited to adsorption with significant charge transfer (group I adsorbates) and allows only general statements on phase transitions in these films. The indirect interaction mode1 [43] which qualitativeley predicts a certain sequence of ordered structures for (100) surfaces is not very appropriate for the smooth (110) surfaces. Definite structure proposals are possible with Hubers model 146-481 of superstructures which is based on two principles : 1) high symmetry of the coincidence mesh and C4-152 E. BAUER 2) minimum number of different kinds of adsorption sites (this emphasizes the importance of the local bonding configuration !). This model seems to be quite useful in the case of surfaces which have a considerable potential variation (e-g. the (100) surface), in particular if adsorbate and substrate form compounds in the bulk. It appears to be less applicable to the (1 10) surface with its rather smooth potential and the repulsive (group I limit) or attractive (group I1 limit) forces between atoms adsorbed on this surface. An example is shown in figure 7 . In structure a ) all Pb atoms are adsorbed in the same kind of adsorption sites (Huber model ), in structure b ) in two different sites B and C. According to older pairwise interaction calculations [44, 453 there is little difference in binding energy between sites A and B but in site C saddle position it is about 10 % lower than in site A. Therefore structure a ) seems to be favored. In favor of structure a ) is also the smaller compression necessary to accomodate the Pb atoms in structure b). The Pb-Pb distance along the [001] direction is the same in both structures (3.16 h; instead of 3.5 h; in bulk Pb) but the other Pb-Pb distance is only 3.45 A in structure b) which is 1.4 % smaller than the diameter d, in metallic Pb. In structure a ) the other Pb-Pb distances are 3.542 A and 3.538 A which is approximately 1.1 % larger than d,,. A distinction between the two structures must await more detailed calculations, for LEED can at present not distinguish between them due to the strong double scattering evident in the diffraction patterns. Finally, the most recent model, the static distortion wave (SDW) model [49] , which is an analogon to the charge density waves (SDW) in solids, is very attractive but not developed far enough t o allow predictions for the kind of systems discussed in this paper. Therefore one is left with experiments, if general rules are to be formulated.
3. General empirical rules for structure, surface potential and energetics. with the limiting cases AX2 s E and AX2 + E L (see Table I ). Consider first the lateral interactions.
When A X < EA, in particular for AX2> EL, considerable charge transfer between adsorbate and substrate occurs so that dipoles are formed with mutual repulsion. This results in a hexagonal lattice whose lattice constant is continously decreasing with increasing coverage. When AX2+ E L the attractive forces between the adsorbate atoms lead to formation of two-dimensional islands with a structure which minimizes the strain energy. This may be a pseudomorphous layer (when d, =s dJ or a distorted close packing with a distortion such that the distance between neighbouring rows of atoms parallel to ( l i l ), is the same in adsorbate and substrate. A transition from pseudomorphic structure to this distorted close packing may occur with increasing coverage (compression !) or temperature, if the mobility at lower temperatures is insufficient to form this packing. Island formation may not occur at very low temperature due to limited surface diffusion. Thus surface diffusion of Pd atoms (Ed=0.49+-0.04eV, D o = 7 x cm2 s-I) [48] is very slow below 160 K and of W atoms (Ed=0.91 '0.05 eV, D o = 2 x cm2 s-I) [49] below 300 K. At very high temperature, islands may become unstable before significant desorption starts.
The interaction with the periodic substrate competes with the lateral interactions and tries to impress its periodicity or multiples of it onto the adsorbate. When AX2 # E: the substrate influence a ) determines the azimuthal orientation of the hexagonal lattice, b ) deforms this lattice with increasing coverage by imposing on it a fixed interatomic distance in one direction or c ) causes the formation of several deformed hexagonal lattices with fixed dimensions independent of coverage. Thus a series of primitive or centered (m x n ) structures is formed two of which exist simultaneously at coverages between those corresponding to two successive completely filled structures. The substrate influence in the case AX2 + E: has already been mentioned above. In addition, due to the strong interaction with the, substrate, one or more stable or metastable adsorption layers may form on top of the first layer. This process may leave the structure of the first layer untouched to a first approximation (e.g. in CU) or may induce a new structure (e-g. in Ag, Au).
The atomic diameter is an important factor only at high coverages : it determines the maximum atomic density N F . If the hexagonal close packing of the adsorbate atoms has a smaller packing density N F than the substrate surface (N,), then the saturation layer is generally slightly compressed (N:' > N?).
If N ? 2 N, then usually N r 5 NN,.
3.2. RULES GOVERNING SURFACE POTENTIAL AND ENERGETICS. -For the surface potential the parameters electronegativity difference AX and atomic roughness are appropriate. If A X # 0 charge transfer to or from the substrate will occur which leads to dipole formation and a workfunction increase (X, > X 3 or decrease (X, < XJ. The dipole moment p decreases with increasing atomic density N due to depolarization. p is essentially only a function of N and does not depend on the long range order. For large AX = X , -X, s 1.8 the surface potential passes through a minimum, for AX 5 1.8 it decreases monotonically. The saturation coverage dipole moment is only approximately determined by AX. The transition from largely ionic to predominantly covalent bonding begins at the atomic density at which plasmon excitation commences.
Superimposed on this AX-determined surface potential change is the ator&c roughness-determined surface potential change. If AX is large it gives only a small contribution but if A X = 0 it is the only contribution within this highly simplified description. In all cases it causes a dipole with the positive side outward and is strongest if atoms are adsorbed at random (linear coverage dependence at low coverage). If islands are formed only the edge atoms contribute so that the surface potential changes like the square root of the coverage until the islands merge. In both Lases the surface potential change becomes approximately zero at the completion of a monolayer. In multilayer adsorption this causes an oscillatory structure superimposed on the AX-determined overall change.
If A X 2 + E:, then the dipole-dipole repulsion increases with coverage, the image force attraction decreases. As a consequence the heat of adsorption E, decreases rapidly with coverage. The decrease slows down near the coverage at which the transition from ionic to covalent bonding begins. Beyond this coverage E, approaches rapidly values close to the sublimation energy of the bulk of the adsorbate. If the lateral interactions are attractive as is usually the case when AX2 < E A, then E, increases rapidly with coverage due to the decreasing distance between atoms. A constant value is reached upon island formation. Multiple binding states can be formed if multilayer adsorption occurs which is the rule for high E,. be noted that X , = 2.0 has to be assumed for the W(110) surface instead of the free W atom value of X, = 1.7. These examples show that predictions based on the standard X values, as useful they are in general, can be wrong in specific cases.
Except for these cases the qualitative rules describe well the general behaviour of metal adsorbates on W{110} surfaces. Generalizations to atomically rougher surfaces such as { 100 ) or { 21 1 } surfaces or to surfaces with low surface energy have to be done with caution, however. B. MUTAFTSCHIEV. -YOU mentioned that in the case of gold deposition on W, the mass time curves show the successive formation of three monolayers, followed by the formation of 3D phase which pumps the matter from the third layer. Does the decreasing part of the kinetic curves mean that the third layer is a non condensed (or overcritical) 2D phase which is smoothly compressed until the formation of 3D nuclei ? If not, the formation of 3D phase would be possible when the first patches of the condensed third layer appear and the kinetic curve would not have the same shape.
E. BAUER. -LEED indicates that a film which consists of 3 monolayers has the same lateral periodicity as a film consisting of 2 monolayers. Surface energy and strain energy are changing with the number of monolayers. I believe that this is the cause of the reported mode of film growth.
R. KERN. -You distinguished clearly 2 types of bonding in the mono and submonolayer range according to the electron affinity. In the case of attractive forces in the layer, I think we can have real 2D condensed phases, but not in the case of repulsive forces. In the first case, the 2D phase must exist in an island form because the edge energies are > 0 (2D equivalent of surface energy in 3D), but in the second case the edge energies are S O , this means in this last case that the atoms are ordered only if they are confined in a given space (surface). There is a nice old experiment of Renninger ( -1 954) showing that charged particles are able to form a long range order if these particles have a given surface available. A water solution of pentaerythridol is a bit evaporated. Pentaerythridol crystals are formed on the surface of the solution (density < I), and because these crystals have a polar character (pyroelectricity), the assembly of crystals gives a nice 2 0 lattice. This lattice is only stable because the surface of the solution is laterely limited by the vessel. So I think that the 2D-phases with repulsive forces are not thermodynamically stable condensed phases but only mechanically stable condensed phases. E. BAUER. -I agree with you. The mechanical constraints would here be potential barriers for surf ace diffusion.
